ABSTRACT. Alternative phylogenies for the genus Streptococcus have been proposed due to uncertainty about the among-species group relationships. Here, we performed a phylogenetic analysis of the genus Streptococcus, considering all the species groups and also the genomic data accumulated by other studies. Seventy-five species were subjected to a Bayesian phylogenetic analysis using sequences from eight genes (16S rRNA, rpoB, sodA, tuf, rnpB, gyrB, dnaJ, and recN). On the basis of our results, we propose a new Phylogeny for the genus, with special emphasis on the inter-species group level. This new phylogeny differs from those suggested previously. From topological and evolutionary distance criteria, we propose that gordonii, pluranimalium, and sobrinus should be considered as new species groups, in addition to the currently recognized groups of mutans, bovis, pyogenic, suis, mitis, and salivarius.
INTRODUCTION
The genus Streptococcus is a diverse lineage belonging to the lactic acid group of bacteria. Current taxonomy places this genus, as well as the genus Lactococcus, within the family Streptococcaceae in the order Lactobaillales (Facklam, 2002) . These organisms are Gram-positive, spherical, and catalase-negative, and many are facultative anaerobes (Montes and García-Arenzana, 2007; Lal et al., 2011) .
Recent molecular systematic studies based on 16S rRNA sequences have provided evidence to subdivide Streptococcus into six "species groups": pyogenes, anginosus, mitis, salivarius, bovis, and mutans (Kawamura et al., 1995; Facklam, 2002; Rodicio and Mendoza, 2004; Montes and García-Arenzana, 2007; Lal et al., 2011) .
In addition to the striking phylogenetic diversification, the ecological features of the members of the Streptococcus genus encompass a myriad of environments and life styles. While some species are well known for their clinical importance as pathogens, others have been characterized as members of a range of normal microbiomes in different anatomical structures in animals and humans. This distribution pattern explains their regular occurrence in contaminated biological samples (Montes and García-Arenzana, 2007; Glazunova et al., 2010; Boggs et al., 2012) .
The features of pathogenicity associated with the genus Streptococcus are also diverse: meningitis, pneumonia, endocarditis, fasciitis, and dental caries are among the better known conditions (Glazunova et al., 2010) . Normal human reservoirs of Streptococcus include different compartments of the oral cavity and skin, and the respiratory, digestive, gastric, and urinary tracts (Hardie and Whiley, 1997) . However, the complete home range for most species of the genus is largely uncertain since this knowledge depends on sampling strategies that are not normally focused on revealing species habitats.
Systematic studies have been performed in the genus. Kawamura et al. (1995) carried out a pioneer study that proposed the current general phylogenetic organization for the genus Streptococcus. In that study, 16S rRNA gene sequences from 28 distinct species were analyzed leading to a hypothesis of six species groups that is still generally accepted. Simmon et al. (2008) examined the viridans group using 16S rRNA, tuf, and rpoB gene sequences from 22 species and subspecies to evaluate phylogenetic relationships within the genus in a study of samples from patients affected by endocarditis. They demonstrated horizontal gene transfer and different rates of molecular substitutions among DNA fragments in the genus, making phylogenetic inferences a challenging subject for this lineage.
Furthermore, other studies have evaluated the phylogenetic certainty of different gene fragments. For example, Täpp et al. (2003) analyzed the gene rnpB in 50 species, in order to obtain phylogenetic information from a source other than 16S rRNA. Similarly, Itoh et al. (2006) proposed the dnaJ and gyrB genes as good phylogenetic markers, and analyzed 45 species and subspecies. Additionally, the recN gene has been shown to render statistically confident clades in an extensive analysis that included 60 species (Glazunova et al., 2010) .
To date, the phylogenetic relationships among the known species groups have not been resolved. For example, Itoh et al. (2006) concluded that disagreements between the trees obtained from three different gene fragments could be explained either by horizontal gene transfer or different mutation rates. This also can be seen in the phylogenetic results of Simmon et al. (2008) who described phylogenetic discordances that could be explained by horizontal gene transfer. In both studies, the analyses were performed using phylogenetic distances; the effects of different phylogenetic methods were not evaluated. Glazunova et al. (2006) and Täpp et al. (2003) used diverse genes and different phylogenetic approaches (distances and Bayesian analysis, respectively) and produced two alternative phylogenetic hypotheses (Figure 1 ). As shown in Figure 1 , the species groups suis and mitis are in sister clades in both topologies. This is the only convergence between these phylogenetic hypotheses, as other relationships remained unclear.
Using the available genomic databases it is possible to incorporate all the gene fragment data that has been reported into a single phylogenetic analysis. This approach will enable the development of a new systematic work on this genus, covering all the known species groups. In this article, we attempt to create an extensive phylogeny for the genus Streptococcus, and contrast our proposed phylogeny with previously published hypotheses.
MATERIAL AND METHODS

Samples
DNA sequences from the genes sodA, tuf, rpoB, 16s rRNA, rnpB, dnaJ, gyrB, and recN were retrieved from GenBank (www.ncbi.nlm.nih.gov/genbank; Table 1 ). Seventyfive species and subspecies of Streptococcus were analyzed. Lactococcus lactis subsp lactis and Lactococcus lactis subsp cremoris were selected as outgroups, since this genus is one of the four members of the family Streptococcaceae. Although a primary analysis showed that Pilibacter is the sister clade of Streptococcus, the lack of data for this genus did not allow robust analyses to be performed (Figure 2 ).
Molecular phylogenetic analyses
Nucleotide sequences were aligned using the software BioEdit V. 7.0.9.0 (Hall, 1999) . The alignments were checked and re-edited by eye. In order to avoid the effect of saturation of the phylogenetic signal, especially due to synonymous substitutions, amino acid sequences were also used for the six protein coding genes (sodA, tuf, rpoB, dnaJ, gyrB, and recN) . The non-coding genes 16s rRNA and rnpB were included in both analyses of nucleotide sequences and amino acid derived sequences. Both nucleotide and amino acid derived sequences were concatenated in the same super-matrix. Absent data were coded as missing data and incorporated in subsequent analyses. This "super-matrix" approach has been shown to perform better than eliminating data, or using non-concatenated matrices, especially when Bayesian methods are used for phylogenetic inference (Wiens and Moen, 2008) .
Models of molecular evolution for nucleotide sequences were selected using the Akaike information criterion test (AIC), as implemented in the software Modeltest (Posada and Crandall, 1998) and MrModeltest (Nylander, 2004) . Models for amino acid sequences were selected using the PROTTEST v. 3.0 software (Abascal et al., 2005) .
Bayesian inference on the complete super matrix was performed using Mr. Bayes v. 3.0b4, specifying four million generations and four independent chains. The resulting tree identified seven subclades that were used as the basis for subsequent analyses ( Figure 3 and Table 2 ).
In order to solve phylogenetic relationships among species groups, a new matrix was built sampling two species belonging to each of the groups. This matrix, called the "minimatrix", was used for Bayesian inference using the same conditions and model substitutions as described above for the complete super-matrix. Phylogenetic concordance among the different DNA sequences was assessed by the "homogeneity test" (Farris et al., 1994 (Farris et al., , 1995 as implemented in Paup, in order to evaluate the phylogenetic compatibility among gene fragments inside the super-matrix. Table 1 ).
RESULTS AND DISCUSSION
Seven major clades were detected in our analyses; these corresponded to the conventional species groups, except for the group mitis that was split into two nonmonophyletic clades (Figure 3) . In general, phylogenies inferred either from nucleotide or amino acid derived sequences did not differ either on major-clade relationships or statistical confidence (i.e., posterior probabilities). With regard to the phylogenetic relationships within species groups, it is notable that the mitis group (Kawamura et al., 1995) remained monophyletic but, in agreement with the results of Boggs et al. (2012) (Figure 3 ), was clearly subdivided into two clades. The suis group was basal to the sister clades.
Here we propose a taxonomic revision, since our results indicate that divergence between the two major clades subdividing the group mitis is in the range of divergence for other species groups (within-mean distances for the "gordonii" and "mitis" clades were 0.039 and 0.044, respectively; between-mean distance was 0.073). Therefore, a new species group was proposed and named gordonii; the group included the species S. constellatus, S. intermedius, S. anginosus [referred to as species group anginosus by Kawamura et al. (1995) ], plus S. massiliensis, S. cristatus, S. sinensis, S. gordonii, and S. sanguinis. Additionally, the group mitis was retained, and included the species S. australis, S. parasanguinis, S. oralis, S. peroris, S. infantis, S. oligofermentans, S. mitis, S. pseudopneumoniae, and S. pneumoniae.
We suggest that gordonii is the basal group of the genus, followed by mitis, suis and finally pyogenic (Figure 3) . The most recent divergence was the separation of the sister species groups salivarius and bovis. All the species groups, except mutans, resulted in monophyletic groups (Figure 3 ). S. ferus was basal to the entire genus, and not inside the mutans group as previously reported. Similarly, S. entericus and S. plurextorum (suis group), S. marimammalium and S. agalactiae (pyogenic group) were not placed in their previously described groups. The remaining species were clustered inside their formerly ascribed groups.
The diverse analyses performed here clearly show that the majority of the species groups had a stable topology. By changing the parameters of the gene sequences, i.e., using amino acid derived or nucleotide sequences, or by constraining clades, most of the species groups did not change their species composition. In the major part of the non-constrained analysis, the mutans species group resulted in a polyphyletic taxon, compressing at least three different lineages (Figure 3) .
However, a homogeneity analysis revealed incompatibilities among gene sequences within the mutans species group; these incompatibilities might be due to horizontal gene transfer (Table 3) (Abascal et al., 2005; Itoh et al., 2006; Simmon et al., 2008; Boggs et al., 2012) . More critical incompatibilities, detected by pairwise analysis, allowed us to identify large genetic discordances between different loci. We took these results into account in subsequent analyses, avoiding incompatibilities and generating different strategies in order to infer phylogenetic relationships within each species group and among groups.
For example, with regard to the mutans group, only sodA, tuf, rpoB, and gyrB could be jointly analyzed, because only these genes shared high homogeneity scores (Table 3) . Further analysis of this clade considered the entire matrix with the concatenated sequences of soda, rpoB, and gyrB. These gene sequences were used in a new sampling strategy, which included all the species from the mutans group, plus two species representing each of the other species groups.
Next, we focused on the unsolved part of the tree: the mutans group and its relationship with salivarius, bovis, and pyogenic groups, using the same gene sequences and parameters as described above. This analysis reinforced the conclusion that the mutans group was not a monophyletic taxon. Rather, it appeared to be constituted by at least three lineages, namely mutans, sobrinus, and pluranimalium. This Bayesian tree resolved most of the relationships between these species (Figure 4) . Subsequently, we focused on unresolved parts of the phylogeny, namely, the relationship of S. macacae to the mutans and pyogenic groups, and the relationship between the pluranimalium and sobrinus groups. Homogeneity tests allowed us to select pairs of gene sequences to analyze for this part of the phylogeny (Table 4) .
Bayesian analyses of tuf-recN rpoB-recN gene sequences placed S. macacae inside the mutans group, with S. ferus, S. mutans, S. devriesei, and S. ratti (Figure 5a ). Bayesian trees of sodArpoB, 16S rRNA-rnpB, and sodA-recN gene sequences identified these two groups as sister clades (Figure 5b) . Nonetheless, the phylogenetic relationships of S. caballi and S. orisratti remained unsolved since insufficient nucleotide data were present in the databases. Moreover, there was a lack of phylogenetic signal due to the low rate of nucleotide substitution (i.e., 16S rRNA) and phylogenetic incompatibility between the gene sequences (i.e. between 16S rRNA and sodA). We performed a phylogenetic analysis of a mini-matrix comprising two species from each of the nine groups (mutans, sobrinus, pluranimalium, salivarius, bovis, pyogenic, gordonii, mitis, and suis; Figure 6 ). The results showed that, in contrast to previous studies, the suis, gordonii, and mitis groups were basal clades. In contrast, sobrinus and pluranimalium were sister clades and closely related to the salivarius group. This phylogeny is shown in Figure 7 , and represents our hypothesis on the phylogenetic relationships among the species groups of Streptococcus. Figure 5 . Majority consensus tree obtained of a Bayesian analysis of concatenated sequences. Those matrices were built using (A) 2 aminoacidic fragments (rpoB, recN), in order to solve the phylogenetic position of Streptococcus macacae; (B) 2 aminoacidic fragments (sodA, recN) to infer the relationship between sobrinus and pluranimalium groups. The models of protein evolution were WAG (sodA), Rtrev (rpoB), and Jones (recN). 
